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osting by EAbstract Implant diameter and length are the most effective parameters affecting stress distribution
in surrounding bones. In order to extract simpliﬁed design equations to better understand implants
behavior, 25 different implant designs with gradual increase in diameter and length were analyzed
in 3D using Finite Element Method. Four types of loadings were applied on each design: tension of
50 N, compression of 100 N, bending of 20 N, and torque of 2 Nm to derive design curves.
Analysis of results showed that increasing implant diameter and length generate better stress distri-
bution on spongy and cortical bones. Approximate design equations and curves were obtained as a
result of this study.
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The relation between implant design and load distribution at
the implant bone interface is an important issue to understand
[22].hoo.com (M.M. El-Zawahry).
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lsevierMany factors affect load transfer at the bone implant inter-
face such as the type of loading, material properties of the im-
plant and prosthesis, implant geometry, surface structure,
implant design quality (diameter and length) and quantity of
surrounding bone, and nature of bone implant interface [12].
Cylindrical implant type was investigated in this study as illus-
trated in (Fig. 1).
One consequence of jawbone atrophy may be that no bone
is present in the jaw areas where teeth are to be placed. This is
problematic for the implantologist and leads to the preference
of performing bone augmentation.
Basal implants overcome such problem in a manner that is
different than that of cylindrical ones. Their baseplates are
anchored in small, native bone areas which are often far from
the actual clinical tooth, i.e. distant in a vertical/sagittal and/or
horizontal direction. Although clinical experience has led to
the development of a variety of basal implant designs, the
surgical situation may demand variable positioning of the
Figure 1 Implant types [13].
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For this reason, the surgeon has to bend the vertical part of
the implant before or after the insertion in order to allow easy
prosthetic access of the connection area [26].
Twenty-ﬁve models have been developed in this study tak-
ing into account the following:
– Gradual increase in implant diameter.
– Gradual increase in implant length.
– The use of the plain implant type (model without threads).
– The process of modeling and loading on inserted implant is
assumed to be harmless to the bone if the resulting forces on
the bone interface remain within the range of its elastic
deformation (creating no or only a limited number of cracks
or micro-cracks).
– The forces must be within a range that can be applied by the
surgeon inside the oral cavity.
In previous articles, models were created to describe the
interaction between bone and basal implants using ﬁnite ele-
ment analysis. A novel approach for modeling different
interactions between cortical and cancellous bone was pro-
posed [17,18]. This approach has been used for describing
different stages of osseointegration and remineralization. In
daily clinical practice during previous computations, the
problem of stress distribution within dental implant bodies
undergoing intra-operative bending vs. implant bodies ma-
chined in angulated designs out of one piece of metal be-
came of interest.
The use of Finite Element Method (FEM) in the mechani-
cal analysis of dental implants has been described by many
authors such as Satoh et al. [24], C¸aglar et al. [3], El-Anwar
[9] and El-Zawahry et al. [10]. This method, presents suitable
degree of reliability and accuracy [12,13] ‘‘without the risk
and expense of implantation’’ [6]. To study a complex mechan-
ical problem, FEM can be used to simulate and analyze stress
distribution, dividing the 3D problematic geometry into a col-
lection of very small elements. Image data obtained with the
aid of computed tomography, 3-D scanner or magnetic reso-
nance imaging is used to generate the FEM model and the
mesh necessary for the analysis. The resulting models consist
of elements, nodes and predeﬁned boundary conditions.
Displacement and stresses caused by loading can be calculated
by computer packages at each node [27].2. Materials and methods
The understanding of dental implant mechanical behavior dur-
ing loading process comes from clinical practice ﬁndings,
where the problem of the durability prediction during implan-
tation procedure arises. A set of ﬁnite element models describ-
ing possible different applied forces formed at implantation
were chosen as a suitable method.
The geometric model generation in this study was based on
previous works with the development of a model of implants
ﬁxed to an edentulous mandible [7,8].
Bone geometry was simpliﬁed and simulated as a cylinder
that consists of two co-axial cylinders. The inner one repre-
sents the spongy bone (diameter 14 mm and height 22 mm)
that ﬁlls the internal space of the other cylinder (shell of
1 mm thickness) that represents the cortical bone (diameter
16 mm and height 24 mm). The 25 different implant designs
used in this study cover the diameter range from 3.5 to
6.0 mm and length range from 9.0 to 13.0 mm. Plain implant
is simply modeled by a cylinder with removed part (0.5 mm
thickness). Each implant was subjected to four different load-
ing conditions: tension at 50 N, compression at 100 N, bending
at 20 N and torque at 2 Nm. The base of the ﬁnite element
models are set to be ﬁxed which deﬁned the boundary condi-
tion [25]. Loading was applied on the top middle node of each
implant assembly in the studied models. Torque was generated
by using two equal forces in magnitude, opposite in direction,
applied to two opposite points on the diameter of the implant
head.
Linear static analysis was performed. The solid modeling
and ﬁnite element analysis were performed on a personal com-
puter Intel Pentium IV, processor 2.8 GHz, 1.0 GB RAM. The
meshing software was ANSYS version 9.0 and the used ele-
ment in meshing all three-dimensional models is eight nodes
Brick element (SOLID45), which has three degrees of freedom
(translations in the global directions) [19]. Mesh density is
another relevant parameter. As the geometries are curved,
improving the mesh has the usual effect of improving the
results for the discrete model (increasing the accuracy of the
obtained stress levels in regions of high stress gradients). An-
other effect of increasing the number of elements is the reduc-
tion of sharp angles that are artiﬁcially created through the
geometric model substitution process (by the mesh), thus
reducing artiﬁcial peak stresses through the improvement of
actual geometry representation.
Table 1 lists the number of nodes and elements of the 25
models with indication to the implant model geometry type.
The material properties used in this study are listed in Table 2.
Deep analysis correlating implant length, diameter, cross-
sectional area to side area, and design curves were obtained
from this study. This analysis may help in selecting the suitable
implant geometry to be used with patient jaw-bone conditions
and limit of stresses can be withstand.3. Results
Four runs on each of the 25 models were done, simulating the
four loading conditions prescribed for this study. Preference
was for graphical comparisons due to the large number of
models and load cases; while tabling and curve ﬁtting using
Table 1 Twenty-ﬁve models (dimensions, number of nodes
and elements).
Model # Diameter
(mm)
Length
(mm)
No. of
nodes
No. of
elements
1 3.5 9 10,468 58,036
2 10 11,606 64,471
3 11 12,146 67,470
4 12 12,753 70,805
5 3.5 13 13,177 73,077
6 4.0 9 9676 53,621
7 10 10,469 57,969
8 11 11,412 63,285
9 12 12,120 67,244
10 4.0 13 11,856 65,517
11 4.5 9 9092 50,330
12 10 11,340 63,529
13 11 12,156 68,067
14 12 11,521 63,786
15 4.5 13 10,954 60,364
16 5.0 9 7925 43,694
17 10 10,188 57,039
18 11 8661 47,546
19 12 9424 51,871
20 5.0 13 10,672 59,052
21 6.0 9 6788 37,242
22 10 7143 39,135
23 11 7636 41,875
24 12 8121 44,412
25 6.0 13 8678 47,569
Table 2 Material properties.
Young’s modulus
(MPa)
Poisson’s
ratio, m
Cortical bone 1340 0.30
Spongy bone 150 0.30
Implant (titanium) 110,000 (per ASTM E8-04) 0.35
Figure 3 Maximum tensile in spongy bone under 50 N tension
loading.
Figure 4 Maximum compression in cortical bone under 100 N
compression loading.
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equations and curves.
Analyses of Figs. 2–9, which summarize the results of this
study, can guide to helpful and powerful design curves andFigure 2 Maximum tensile stress in cortical bone under 50 N
tension loading.
Figure 5 Maximum compression in spongy bone under 100 N
compression loading.equations. Trend lines and/or curve ﬁtting are fairly enough
for extracting the required data. Increasing implant length
for small implant diameters dramatically reduces the values
of generated stresses on cortical bone. In other words,
Figure 6 Von Mises in cortical bone under 20 N bending
loading.
Figure 7 Von Mises in spongy bone under 20 N bending
loading.
Figure 8 Stress intensity in cortical bone under 2 Nm torque
loading.
Figure 9 Stress intensity in spongy bone under 2 Nm torque
loading.
80 M.I. El-Anwar, M.M. El-Zawahryincreasing side area for implants with small diameters reduces
the generated stresses on cortical bone. Side area can also beincreased by adding threads and micro-threads, changing
thread, etc. type.
On the contrary, spongy bone received more energy by
increasing implant length, which resulted in higher level of gen-
erated stresses.
For short implants, increasing diameter improves its effect
on cortical bone (as it reduces generated stresses). In these
cases, both side and cross-sectional areas were increased. The
ratio of side to cross-sectional area is 4 · length/diameter, i.e.
increasing diameter reduces the ratio between side and cross-
sectional areas. Comparing stress values on cortical bone while
side area and cross-sectional area increase revealed a reduction
in cortical bone stress values by increasing side area.
As an example, Fig. 10 showing a sample of the obtained
results from model No. 25 under compressive loading of 50 N.
4. Discussion
The purpose of this investigation was to provide an analysis
among different geometric conﬁgurations of implants and to
compare their biomechanical behavior. Model results can be
very close to the actual situation observed in clinical studies
even with the simpliﬁcation considering the bone to be homo-
geneous and linearly elastic, symmetric muscle action, com-
plete osseointegration and static load [1,11,5,14,20]. Many of
the options adopted in the current model should be taken into
account in the analysis of results. Complete osseointegration is
not observed in clinical studies, as the level of osseointegration
is highly variable. In a 3D FE analysis of osseointegration per-
centages and patterns on implant-bone interfacial stresses,
Papavasiliou et al. [21] concluded that different degrees of
osseointegration do not affect the stress levels or distributions
for axial or oblique loads. Therefore, ﬁxing a value of 100% in
a comparative study has no effect on the conclusions.
The consideration of an interface resistance limit between
bone and implant not included in the model is an interesting
topic to be included in future models, and requires a non-linear
treatment of the problem considering contact and fracture at
the implant bone boundary layer. In recent years, several
studies have shown that a more precise consideration of the
Figure 10 Sample of obtained results of model No. 25 under 50 N compressive loading (stress intensity on implant, maximum
compressive stress on cortical bone, and vertical displacement in spongy bone).
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can lead to reliable results [3]. The modeling of whole mandi-
ble, the muscles, the temporomandibular joint and the sup-
porting system, can bring the model closer to reality [6].
Three-dimensional modeling, special attention to boundary
conditions, and the use of a ﬁne mesh with appropriate num-
ber of degrees of freedom, are all factors that contribute to
the precision of computational results [16].
Previous studies have shown that the modeled muscular
force action at bone surface generates stresses as high as those
obtained around the implant. This fact provides a qualitative
way of comparing the obtained stress levels and suggests that
modeling of the whole mandible is important and should not
be neglected [6].
Comparative FEM stress analyses between different im-
plant geometries or different implant prosthetic concepts un-
der the same conditions have been previously reported
[16,24]. Comparisons under different modeling conditions
could serve as a reference, but do not provide conclusive proof.
However, different studies have presented comparisons with
the Bra˚nemark system, which is used as a practical standard
as it can provide predictable and thoroughly studied clinical
results [27].
Simulation results considered functioning implants, model-
ing crestal bone loss after a healing and loading period. These
results have also highlighted the inﬂuence of implant length
and diameter on load transfer mechanisms. In agreement with
the numerically experienced trend proposed by Himmlova´
et al. [15] and Bozkaya et al. [2], maximum implant diameterseems to affect stress peaks at the cortical bone not the trabec-
ular region, while stress values and distribution at the cancel-
lous bone implant interface are primarily inﬂuenced by
implant length. Nevertheless, to control the risk of bone over-
load and improve implant biomechanical stress-based perfor-
mance, numerical results from the current study suggest that,
for short implants, implant diameter can be considered more
effective design parameter than implant length. In this context,
the results of this study may be considered as complementary
to similar, previously published studies [15,23]. Due to the sim-
pliﬁed and different geometrical models usually used in these
studies, Himmlova´ et al. [15], Bozkaya et al. [2] and Saab
et al. [23], quantitative comparisons cannot be made. Analo-
gously, Carter’s et al. [4] hypotheses regarding the inﬂuence
of the strain level of the bone on hypertrophic responses or
bone resorption cannot be directly veriﬁed in a quantitative
sense. Numerical simulations have conﬁrmed that the risk of
bone overload essentially affects regions around the implant
neck [20].
In the present study, for small implant diameter (range
3.5–4.5 mm), increasing implant length dramatically decrease
maximum tensile stress generated in cortical bone under ten-
sion loading (Fig. 2), and increases in spongy bone (Fig. 3).
The large diameter showed more stable behavior under tension
loading, proving that implant diameter is the dominant factor
not the implant length. Similar results can be found for small
and large diameters as shown in Figs. 4 and 5.
Von Mises stresses in Fig. 6 showed similar changes with
increasing implant diameter under bending loading. Fig. 7,
82 M.I. El-Anwar, M.M. El-Zawahryon the other hand, showed that Von Mises stresses under
bending loading, appeared on spongy bone highly depend on
implant diameter that reduces the ratio between side and
cross-sectional areas. Finally, Figs. 8 and 9 show torsion load-
ing results on cortical and spongy bones. Implants with large
diameters are stable and others with small diameters can have
better performance when increasing their length (side area).
Conclusion
Within the limitations of this study, numerical simulations
showed that implant design, in terms of both implant diameter
and length, crestal bone geometry and placement site affect the
mechanisms of load transmission.
Stress distribution pattern did not change from one implant
to the other even with changing implant diameter or length.
Values of stresses may alter a lot in case of changing implant
diameter and/or length. Wide implants (5–6 mm diameter)
behavior was not noticeably affected when its length was in-
creased. On the other hand, small diameter implant behaviors
were dramatically enhanced by increasing implant length (side
area). Therefore, implant length is the dominant parameter in
case of using a small diameter implant.
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